Abstract-The throughput performance of a random cooperative medium access control (CoopMAC) network in the presence of shadowing is considered. The nodes are assumed to be randomly distributed according to a homogeneous twodimensional Poisson point process with constant intensity. The conditions under which a helper can improve the transmission rate between a given pair of nodes are examined. Based on these conditions, an exact analytical expression is derived for the average cooperative throughput of a random CoopMAC network that is subject to path loss and shadowing. This expression is then used to investigate the effects of shadowing, intensity of nodes and the distance between source and destination nodes on the cooperative throughput of the network. It is observed that the average cooperative throughput of the network increases only slightly when the intensity of helpers increases beyond a certain value.
I. INTRODUCTION
The multi-rate feature of the IEEE 802.11b standard is a major factor that adversely affects the average throughput of the networks that operate based on this standard. This is due to the fact that low-rate links occupy the available channels fairly longer than the high-rate links. Cooperative communication is an effective means for addressing this problem: a node, known as helper, assists the low-rate links to improve their transmission rate. Cooperative protocols in the medium access control (MAC) layer, referred to as CoopMAC protocols [1] - [3] , have received significant attention in recent years for having superior throughput performance.
In the CoopMAC protocol, transmission is based on a readyto-send (RTS)/clear-to-receive (CTS) scheme [3] . Each node has to keep a list of potential helpers which is created by overhearing the previously transmitted packets. The source node uses a helper from this list to retransmit the packet to destination. This cooperation is shown to improve the overall throughput performance of the network [3] . Another Coop-MAC protocol with an automatic relay selection mechanism is presented in [4] . In this protocol, the source and destination nodes provide information about the quality of the direct link and the desired retransmission rate to their neighbors. This information in then used by each neighboring node to decide whether its cooperation is beneficial to the source-destination link or not. Wireless communication channels are often characterized by multipath fading, shadowing and path loss. However, most of the research conducted on cooperative MAC networks, ignore the adverse effect of shadowing on the system performance [5] . Recent studies in [5] - [9] have shown that shadowing is a crucial impairment in wireless networks, and it must be taken into account in the design and evaluation of these networks. In [5] , a new CoopMAC protocol has been proposed and the effect of uncorrelated shadowing on the average number of nodes that can receive a packet with desired quality of service (QoS) has been examined. The effect of correlated shadowing on the number of helpers that are capable of cooperation in a two-way network-coded (NC) relaying system has been studied in [9] .
Another important factor that has significant impact on the performance of CoopMAC protocols is the random distribution of the nodes in the deployment region. Most of the reported works in the literature, assume that the number and the locations of nodes are known and deterministic. However, in a practical scenario, the nodes are distributed according to a stochastic point process [10] . An important class of the point processes that is widely used in the literature is the twodimensional (2D) homogeneous Poisson point process (PPP) [11] - [13] .
In this paper, we consider a Poisson CoopMAC network that works based on the distributed coordinated function (DCF) mode of the IEEE 802.11b Standard and derive exact analytical expressions for the cooperative throughput of this network. Our analysis is carried out both for the shadowing and no-shadowing cases. In our Poisson CoopMAC network, we assume that the helpers constitute a 2D homogeneous PPP with fixed density. In addition, cooperation is performed only when there is a helper whose corresponding cooperative throughput is higher than that of the direct link. To improve the throughput performance of the Poisson CoopMAC protocol, several tiers of helpers are introduced based on their distances to source and destination nodes. The helpers inside each tier are assumed to provide the same cooperative throughput. The best helper is then selected from the tier with the largest cooperative throughput.
The remainder of this paper is organized as follows. In Section II, the system model is introduced. Exact analytical expression for the average throughput of a Poisson CoopMAC network that is subject to path loss is presented in Section III. In Section IV, this expression is extended to the case where the CoopMAC network suffers from both shadowing and path loss. Simulation results are provided in Section V and finally in Section VI the paper is concluded. We consider a CoopMAC network whose nodes are distributed according to a homogeneous two dimensional PPP with density λ. In this network, the nodes communicate with one another based on the IEEE 802.11b Standard [14] . Due to multi-rate nature of this standard four types of communication links can be defined as shown in Table I . Clearly, these data rates depend on the distance between the source and destination nodes, i.e., ℓ SD .
Denoting the transmission rates of the S-H and H-D links by R SH and R HD , respectively, one can obtain the corresponding cooperative rate, R Coop , as [3] 
Observe that cooperation can be beneficial only when R Coop is larger than the source-destination data rate, i.e., R SD . Thus, straightforward numerical investigation of eq. (1) reveals that cooperation is beneficial only for Type C and Type D links. The results of this investigation are summarized in Table II  and Table III . In Table II , three different tiers are defined for the helpers that can be beneficial for a Type C link. Similarly, Table III illustrates the five tiers of helpers that can increase the direct link's data rate for a Type D link. Note, importantly, that in this paper we assume a helper of a higher tier is selected only when a helper of a lower tier is not available for cooperation. This is quite reasonable as the smaller the helper's tier, the larger is the corresponding R Coop (see Tables  II and III) . The CoopMAC protocol considered in this paper makes use of the control packets proposed in [3] according to the following steps:
1) The source node selects a helper from the lowest available tier randomly. 2) A CoopRTS packet is sent to the selected helper by the source.
3) The helper declares its willingness to cooperate by sending back an HTS packet. 4) The destination node transmits a CTS packet to the source when it is ready to receive data. 5) Once both HTS and CTS packets heard by the source, the data is sent to the helper. 6) As data received at destination an ACK packet is sent back to the source. 7) The transmission is considered complete when an ACK received by the source node. We now establish two important properties of the two- dimensional homogeneous PPP with density λ which are used in the sequel. These properties are as follows.
1) If the source node is the kth nearest neighbor of destination node and ℓ SD = r k , then the probability density function (PDF) of r k is given by [15] f r k (r) = 2e
where u(r) is the unit step function. 2) If R 1 is a subregion of R, i.e., R 1 ⊆ R, the conditional probability that a node X is located in R 1 , given that it is located in R equals [10, Def. 3.2-(ii)]
where S(R 1 ) and S(R) are the surface areas of R 1 and R, respectively.
III. THROUGHPUT ANALYSIS IN THE ABSENCE OF SHADOWING
Suppose that we know the distance between the source and destination nodes, and that the source node is the kth nearest neighbor of destination (i.e., ℓ SD = r k ). Also suppose that our transmissions are not subject to shadowing. Then, for a link type with r k ∈ [r min , r max ], the average throughput is given by
where R(r), r min and r max depend on the link type, and whether cooperation improves the overall throughput of that link type. For example, for Type A and B links cooperation is not beneficial and, therefore, the throughputs of Type A and B links are given by
respectively. For Type C and D links, however, a helper may improve the transmission rate. Observe from Tables II and  III that the rate improvement depends on the tier of helper that is available for cooperation. Hence, R(r) for these link types is defined as the average of R Coop . In consequence, the cooperative throughput for a Type C link can be obtained as
where
is the probability that a Tier i helper is selected to assist a Type C link, and R C Coop,i equals 5.5, 3.67 and 2.75 Mbps for Tier i = 1, 2 and 3 helpers, respectively.
In order to find P C,i , we assume that S C in Fig. 1 is the kth nearest neighbor of destination node, D, and that the S C -D link is of Type C, i.e., d SCD = r k ∈ [67. 1, 74.7] . Denoting by W a disc centered at D with radius r k , one can readily see that there are exactly k − 1 nodes within W . Hence, recall from Section II, a Tier i helper is selected only if no helper from a lower tier is available for cooperation. Suppose now that N(G ) denotes the number of nodes in a region G . Then, P C,i can be written as
where U Cj denotes the operating region of tier j helpers as shown in Fig. 1 . On the other hand, using the fact N(U Ci ) ≥ 0, one can readily see
Now we use the second property at the end of Section II along with (8) and (9) to obtain
In summary, for a Type C link making use of a tier i helper (Table II) , we can write
The cooperative throughput of a Type D link can be obtained in a similar manner. The only difference is that in this case, when ℓ SD > 96.4, a Tier 1 helper does not exist. This is because for a Tier 1 helper we always have ℓ SH + ℓ HD ≤ 96.4 which is smaller than ℓ SD . As a result, for a Type D link we consider two different cases, viz., 74.7 < r k ≤ 96.4, referred to as D 1 , and 96.4 < r k ≤ 100, referred to as D 2 . Hence, the cooperative throughput of a Type D link is given by
(13c) and P D,i is the probability that a Tier i helper is selected to help a Type D link. Observe that in (13c) the summations begin from 2 which is due to the fact that a Tier 1 helper does not exist in this case. Using the procedure used to obtain (12) , one arrives at
where U Dj is the operating region of a Tier j helper assisting a Type D link, as shown in Fig. 1 . Note that S(U D1 ) = 0 for the case where 96.4 < r k ≤ 100. Finally, we can combine eqs. (5), (6), (7a) and (13a) to achieve the cooperative throughput of the Poisson CoopMAC network without the effect of shadowing as
IV. THROUGHPUT ANALYSIS IN THE PRESENCE OF SHADOWING
When the transmissions are subject to path loss and shadowing, the received power in dB at destination node is given by [16, eq. 2 .51]
where P t is the transmitted power (which is the same for all nodes), K is a constant which depends on the system
48 parameters and ψ is a Gaussian random variable with mean zero and standard deviation σ ψ and represents the shadowing effect. Also in (15), α ∈ [2, 7] is the path loss exponent, and P t , K and ψ are expressed in dB units. The probability of a successful transmission through the direct link between two nodes at distance ℓ SD is then equal to
P th is a given threshold for successful transmission and Q(·) is the Gaussian Q-function. Similarly, the transmission through a helper is successful when the transmissions through both source-helper and helper-destination links are successful. Hence, the probability of a successful transmission through a cooperative link is given by
The probability of successful transmission given in (17) is valid for the case where the location of helper and, thus, ℓ SH and ℓ HD are known. However, in our problem the helpers are assumed to be randomly distributed over a region G according to a two-dimensional PPP with density λ. Therefore, in what follows, we evaluate the average of P
Succ
Coop over all realizations of the aforementioned PPP.
Denoting the set of all helpers in region G by Λ G , one can write the probability that no helper in Λ G can successfully forward the source signal to destination is given by [17, eq.
where P Fail Coop,j is the probability that the jth helper, i.e., H j , fails to successfully forward the source signal to destination and E{·} is the ensemble average over all realizations of Λ G . In this case the number of helpers whithin this region, n, is a Poisson random variable and the location of these helpers are uniform random variables over Λ G . Noted that since we assume the source node is the kth nearest neighbor of destination node, then n always is less than or equal k − 1. Now we can write (18) as Fig. 2 . Illustration of region G as the intersection of two circles with radii r S and r D centered at S and D, respectively.
where µ is the outage probability of an arbitrary helper in G (e.g., H) whose distances from the source and destination nodes are given by ℓ SH and ℓ HD , respectively. Now by considering (17) we can arrive at
where ds is the surface element. Considering the fact that
is the upper incomplete gamma function. Now, substituting µ from (20) in (21) we obtain
In order to evaluate P Succ Coop (G ), we first assume that G is the intersection of two circles with radius r S and r D centered at S and D, respectively, as shown in Fig. 2 . Then, for an arbitrary helper H in G whose distances from the source and destination nodes are given by ℓ SH and ℓ HD , respectively, we can write
The surface area of G , S(G ), can be written as (25) where and △ denote the circular sector and triangle, respectively. Hence, we can write the integral on the right hand side of (23) aŝ
In order to calculate the integrals on the right of (26), appropriate coordinate systems have to be considered for each region. To this end, we first note that for a given helper H in SAB, with polar coordinates (ℓ SH , ϕ SH ) and the origin at S, we can see from Fig. 2 that
Hence, using the fact that in a polar coordinate system ds = ℓ SH dℓ SH dϕ SH , one obtainŝ
(28a) Note that one can use the law of cosines to obtain ℓ HD and θ S as
Thus, the final result in (28a) only depends on r D , r S and r k .
Similarly a helper inside DAB can be characterized by polar coordinates (ℓ HD , ϕ HD ) with the origin at D. Again, one can see from Fig. 2 that for such helper
Considering the fact that ds = ℓ HD dℓ HD dϕ HD , one arrives at
with ℓ SH and θ D given as
In order to evaluate the third and the fourth integrals on the right of (26), we make use of a biangular coordinate system having poles S and D with distance r k [19], in which each helper inside △ SAD is represented by two angles (ϕ SH , ϕ HD ) such that
Now, using the fact that in a biangular coordinate system ds = r
where ℓ SH and ℓ HD are given by [17, eq. (9)]
Note that, due to the symmetry of the problem, we can writê
Now, defining I(G ) ´G G(ℓ SH , ℓ HD )ds and combining (26), (28a), (30a), (32a) and (33) we obtain
Now, we can use Fig. 1 along with (34b) to obtain I(G ) for different helpers' operating regions as
Finally, substituting (35) through (37) in (23), we can obtain P
Coop over different helper's regions.
Similar to (4), we can obtain the throughput of a link whose transmission rate equals R bps and is subject to path loss and shadowing as
where P Succ (r) equals P Succ Direct (r) (i.e., eq. (16)) for the direct link, and is obtained from (23) for a cooperative link. As discussed in Section II, for Type A and B links no helper is used and, thus, transmission is done only through the direct link. Thus, using eqs. (16a) and (38), we obtain
For a Type C link, cooperation is beneficial. Thus, using (23) and (12), one can obtain the cooperative throughput for a Type C link as
where U Ci , i = 1, 2, 3, were defined in Fig. 1 and P
Coop (U Ci ), i = 1, 2, 3 are evaluated in eq. (23). Note that the first term on the right side of the (41), corresponds to the case where the transmission is made through a Tier i helper whereas the second term belongs to the case where the transmission is done through the direct link, i.e., no beneficial helper is available. Also note that P C,i and P
Coop (U Ci ) in (41) are indeed functions of r k . As a result, the average throughput of a Type C link is given by Similarly for a Type D link we havē
(43a) where
where U D1,i and U D2,i were defined in Fig. 1 . Combining (39), (40), (42) and (43a) the average cooperative throughput of the proposed CoopMAC protocol in the presence of shadowing can be obtained as
V. NUMERICAL RESULTS
In this section, we verify our analytical results through computer simulation. Table IV shows the parameters that have been used in our numerical results. Our simulation results have been obtained by means of Monte-Carlo method for two million independent realizations of a network whose nodes are distributed according to a homogeneous 2D PPP with density λ ∈ [0.0005, 0.005].
In Fig. 3 , the cooperative throughput of the CoopMAC protocol is shown for the case where r k is known and equals but becomes negligible when λ > 2.5 × 10 −3 , particularly for the shadowing case. To explain this, we note that when λ increases the chance of finding a more beneficial helper also increases. Note, importantly, that for a Type D 2 helper, the cooperative throughput is significantly lower than that of a Type D 1 helper which is owing to the fact that the former cannot take advantage of a Tier 1 helper whereas the latter can.
As mentioned earlier, in general, ℓ SD = r k is a random variable whose PDF is given by (2) . Fig. 4 illustrates the average throughput of the CoopMAC protocol, averaged over r k , as a function of λ. Clearly, when shadowing is present, the average throughput is about 2 Mbps less than the case where the transmissions are not subject to shadowing. Observe that the average throughputs of the shadowing and no shadowing cases shown in Fig. 4 are larger than the corresponding cooperative throughputs depicted in Fig. 3 . This is because in Fig. 4 , the average throughput is obtained for all four link types, and, recall from Table I , for Type A and B links the average throughput of the direct link is larger than the throughputs of Type C and D links.
In Fig. 5 the effect of the severity of shadowing on the average throughput of the random CoopMAC protocol is investigated. Several values of σ ψ , namely, 6, 8, 10 and 12 dB are considered. Observe that as the σ ψ increases the throughput performance of the Poisson CoopMAC network degrades. This is due to the fact that adverse effects of shadowing lead to decreasing the P
Coop which yields to the lower throughput. Fig. 6 illustrates the effect of k on the average throughput of the random CoopMAC protocol. Clearly, as the k decreases (i.e., the source node becomes a closer neighbor of destination) the average throughput increases and vice versa. To explain this, we note the source node is the kth nearest neighbor of destination, and thus, as k decreases the distance between the source and destination nodes is more likely to decrease. As a result, for smaller values of k the S-D link is more likely to be of Type A or B links, and, as mentioned earlier, for these link types a helper is not used as the throughput of the direct link is larger than that of any cooperative link.
VI. CONCLUSION
In this paper, we derived an exact analytical solution for the cooperative throughput of a CoopMAC protocol whose nodes are distributed randomly according to a 2D Poisson point process with fixed density. Simulation results were presented to illustrate the validity of the analytical results. The effects of shadowing as well as the intensity of nodes (i.e., λ) on the throughput of the CoopMAC protocol were also examined. It was observed that increasing λ improves the cooperative throughput of Type C and Type D links. However, this improvement is not significant when the density of nodes increases beyond a certain value. It was also observed that increasing the variance of shadowing, decreases the average throughput almost identically for all the examined values of λ.
